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Abstract: We investigated the electronic structure and chemical bonding of two bimetallic clusters NaGa4
-

and NaIn4-. Photoelectron spectra of the anions were obtained and compared with ab initio calculations. We
found that the ground state of the two anions contains a square planar dianion interacting with a Na+ cation.
The Ga42- and In4

2- dianions both possess two delocalizedπ electrons and are considered to be aromatic,
similar to that recently found in Al4

2-. Using calculations for a model compound, we showed that a recently
synthesized Ga4-organometallic compound also contains an aromatic-Ga4

2-- unit, analogous to the gaseous
clusters.

Introduction

Metals and organic compounds represent opposite sides in
chemistry and their physical and chemical properties are very
different. However, in recent years some metallic properties such
as electric conductivity1 and even superconductivity2 have been
observed in organic materials. Yet, there has been little effort
in designing pure metallic compounds possessing organic
properties. One of the properties usually referred to organic
compounds is aromaticity. Although aromaticity has been
extended to include heterosystems3-5 and organometallic
compounds,6-8 it has not been considered in pure all-metal
species until very recently. We have investigated MAl4

- (M )
Li, Na, and Cu) and reported evidence of aromaticity in these
purely metallic systems.9 These bimetallic clusters were found
to possess an M+ cation interacting with a square planar Al4

2-,
which is a twoπ-electron all-metal aromatic species. We further
extended the all-metal aromatic idea from Al4

2- into a series
of heteroclusters, XAl3

- (X ) Si, Ge, Sn, and Pb).10 We
provided both experimental and theoretical evidence that all the
XAl 3

- species have two lowest energy singlet isomers: a four-

membered heterocyclic structure (C2V) and a trigonal pyramidal
structure (C3V). The heterocyclic structure was found to be the
ground state with the pyramidal species as a low-lying isomer.
But the relative stability of the heterocyclic ground state was
found to increase relative to the pyramidal isomer for the XAl3

-

species with heavier heteroatoms. The heterocyclic XAl3
-

isomer, which is isoelectronic with Al4
2-, was found to be

aromatic with twoπ-electrons. However, the lightest congener
of the XAl3- series, CAl3-, was previously found to have a
C3V structure;11 the aromatic cyclic structure is not even a
minimum for CAl3-. Thus we observed that the aromatic
stabilization becomes more important the more metallic the
XAl 3

- heterosystem is.
To further explore aromaticity in all-metal species, here we

investigate the heavier congeners of the aromatic Al4
2-: Ga4

2-

and In4
2-. Bimetallic anionic clusters with chemical composi-

tions of NaGa4- and NaIn4- were created in the gas phase and
their electronic energy spectra were obtained with photoelectron
spectroscopy. Ab initio calculations showed that both NaGa4

-

and NaIn4- possess aC4V pyramidal structure with a Na+ cation
interacting with a square planar dianion, analogous to the MAl4

-

species. Both Ga42- and In4
2- are shown to be aromatic with

two π-electrons. We further carried out calculations on a model
compound, K2Ga4(C6H5)2, for a recently synthesized organo-
gallium compound, K2[Ga4(C6H3-2,6-Trip2)2] (Trip ) C6H2-
2,4,6-iPr3), which contains a nearly square planar Ga4 unit bound
to the two bulky ligands and stabilized by the two K atoms.12

Through a detailed molecular orbital (MO) analysis, we showed
that the synthetic compound in fact contains an aromatic
-Ga4

2-- unit (with two π-electrons) interacting with two K+

ions, analogous to our bare Ga4
2- species in NaGa4-, despite

the additional coordination in the synthetic compound.

Experimental Method and Results

Details of the experimental setup have been described previously.13

The NaGa4- (NaIn4
-) anions were produced by laser vaporization of a
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composite target made from Ga (In) and Na2CO3. The anionic species
from the cluster source were analyzed by using a time-of-flight mass
spectrometer. The anions of interest were selected and decelerated
before being subjected to photodetachment. Photoelectron spectra of
NaGa4- and NaIn4- (Figure 1) were taken at two detachment laser
wavelengths, 355 and 266 nm, and were calibrated by using the known
spectra of Cu-. The photoelectron energy resolution was about 25 meV
for 1 eV electrons. The spectra of the two species are similar, each
with an intense threshold peak (X and A), followed by a weak peak
(B) and a relatively broad feature (C). The vertical electron detachment
energies (VDEs) of the four spectral features measured from the peak
maxima are listed in Table 1 and are compared to ab initio calculations,
as discussed below.

Theoretical Methods and Results

We initially optimized geometries and calculated frequencies of
NaGa4-, NaIn4

-, Ga4
2-, and In4

2- (Figure 2) using analytical gradients
with polarized split-valence basis sets (6-311+G*)14-16 for Ga and Na
and the relativistic effective core potential with 121G basis sets extended
by a set of s, p, and d diffuse functions (CEP-121G+spd)17-19 for In
and Na and a hybrid method known in the literature as B3LYP.20-22

To test the convergence of our computational results we further studied
NaGa4- and Ga42- using the second-order Moller-Plesset perturbation

theory (MP2)23 and coupled-cluster method [CCSD(T)]24-26 with the
6-311+G* basis sets. The energies of the most stable NaGa4

- structures
were refined by using the CCSD(T) method and the more extended
6-311+G(2df) basis sets. The vertical electron detachment energies were
calculated by using the outer valence Green Function method27-31

[OVGF/6-311+G(2df)] at the CCSD(T)/6-311+G* geometries for
NaGa4- and OVGF/CEP-121G+spd at the B3LYP/CEP-121G+spd
geometries for NaIn4-. The K2Ga4 and K2Ga4(C6H5)2 model systems
were also optimized at the B3LYP level of theory by using the
relativistic effective core potential with the LANL2DZ basis set.32-34

All calculations were performed by using the Gaussian 98 program.35

MOs for Ga42-, NaGa4-, and Na2Ga4, as shown in Figure 3, were
calculated at the RHF/6-311+G* level of theory. MOs for K2Ga4 and
K2Ga4(C6H5)2, as shown in Figure 4, were calculated at the RHF/
LANL2DZ level of theory. All MO pictures were made by using the
MOLDEN 3.4 program.36
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Figure 1. Photoelectron spectra of NaGa4
- at (a) 355 (3.496 eV) and

(b) 266 nm (4.661 eV) and of NaIn4
- at (c) 355 and (d) 266 nm.

Table 1. Experimental and Theoretical Vertical Electron
Detachment Energies (VDE) in eV for NaGa4

- and NaIn4-

C4V C2Vexptl
features exptl VDE MO VDE (theor) MO VDE (theor)

NaGa4-

X 1.90( 0.06 3a1 1.84 (0.87)a 1b1 1.75 (0.85)a

A 2.02( 0.05 1b1 1.99 (0.85)a 4a1 1.80 (0.86)a

B 2.58( 0.05 2a1 2.43 (0.86)a 3a1 2.29 (0.86)a

C 3.73( 0.15 1b2 3.59 (0.84)a 2b2 3.51 (0.83)a

NaIn4
-

X 1.93( 0.06 3a1 1.82 (0.87)b 1b1 1.70 (0.85)b

A 2.08( 0.06 1b1 1.93 (0.86)b 4a1 1.78 (0.87)b

B 2.60( 0.05 2a1 2.39 (0.87)b 3a1 2.29 (0.87)b

C 3.95( 0.15 1b2 3.84 (0.83)b 2b2 3.77 (0.83)b

a The VDEs were calculated at the OVGF/6-311+G(2df) level of
theory. The numbers in parentheses indicate the pole strength, which
characterizes the validity of the one-electron detachment picture. The
detachment processes from the 1b1 and 3a1 orbitals for theC4V isomer
are too close in energy and their order cannot be definitely established
in our calculations.b The VDEs were calculated at the OVGF/CEP-
121G+spd level of theory. The numbers in parentheses indicate the
pole strength, which characterizes the validity of the one-electron
detachment picture. The detachment processes from the 1b1 and 3a1
orbitals for theC4V isomer are too close in energy and their order cannot
be definitely established in our calculations.
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Exhaustive searches for the global minima of Al4
2-, NaAl4-, and

Na2Al4 were performed in our previous work.9 For Al42- we found
that the planar square structure is the most stable. For NaAl4

-, two
low-lying singlet structures were found: aC4V pyramidal and aC2V

planar structure. For Na2Al4 we located four low-lying singlet struc-
tures: aD4h bipyramidal, aD2h planar, aC2V planar, and aCs structure.
We expected that Ga4

2- (In4
2-), NaGa4- (NaIn4

-), and Na2Ga4 (Na2-
In4) should have similar structures and isomers as Al4

2-, NaAl4-, and
Na2Al4, respectively, and hence we considered here the same sets of
structures for these heavier species.

The optimized geometries, vibrational frequencies, and relative
energies of Ga42- and the two lowest structures of NaGa4

- are given
in Tables 2-4, respectively, at the B3LYP/6-311+G*, MP2/6-311+G*,
and CCSD(T)/6-311+G* levels of theory. The agreement among the
three theoretical methods is very good, considering the softness of the
potential energy surfaces. More importantly, the consistency among
the three levels of theory suggests that we can use reliably the B3LYP
method for larger systems. For NaGa4

- and NaIn4- the global minimum
C4V pyramidal structure (Figure 2b and 2e) was found to be more stable
than theC2V planar structure (Figure 2c and 2f) by 6.9 (CCSD(T)/6-
311+G(2df)) and 6.9 kcal/mol (B3LYP/CEP-121G+spd), respectively.

For Na2Ga4 the global minimum structure (Figure 2i) hasCs

symmetry with one sodium cation coordinated to the edge and the other
one located above the planar structure of the Ga4

2- dianion. This is

consistent with our previous Na2Al4 results.9 While the structure of
the Ga42- dianion in Na2Ga4 is somewhat distorted from a perfect
square, the distortion is very modest and the geometric integrity of the
aromatic dianion is clearly seen. The bipyramidal structure with the
two cations above and below the Ga4

2- planar unit (Figure 2g) was
found to be a local minimum 4.1 kcal/mol higher in energy than the
global minimum. Two planar structures were found to be a first-order
saddle point (Figure 2h) 12.6 kcal/mol higher in energy and a local
minimum (Figure 2j) 4.3 kcal/mol higher in energy, all at B3LYP/6-
311+G*. Again for these two isomers, the geometric integrity of the
Ga4

2- dianion is clearly seen with very slight distortions.

Interpretation of the Experimental Results and
Confirmation of the Pyramidal Ground-State Structure
of NaGa4

- and NaIn4
-

Theoretical calculations of the four lowest lying vertical one-
electron detachment processes for theC2V planar andC4V
pyramidal species of NaGa4

- and NaIn4- were performed and
are compared with the experimental VDEs in Table 1. The pole
strengths, given in parentheses in Table 1, are larger than 0.8
for all the calculated detachment channels, implying that the
OVGF method is expected to be valid and all the electron
detachment channels can be considered as primarily one-electron
processes. Excellent agreement was obtained for the two anions
between the predicted VDEs of theC4V pyramidal structures
and the experimental data and will be discussed in more detail
below, whereas those for the low-lyingC2V planar isomers do

Figure 2. Optimized structures of (a) Ga4
2- (D4h), (b) NaGa4- (C4V),

and (c) NaGa4- (C2V) at the B3LYP/6-311+G* level of theory; (d) In42-

(D4h), (e) NaIn4
- (C4V), and (f) NaIn4- (C2V) at B3LYP/CEP-121G+spd

level of theory; and (g) Na2Ga4 (D4h), (h) Na2Ga4 (D2h), (i) Na2Ga4

(Cs), and (j) Na2Ga4 (C2V) at the B3LYP/6-311+G* level of theory.
Bond lengths are given in Å.

Figure 3. Molecular structure and molecular orbital pictures of (a)
bare Ga42-, (b) C4V NaGa4-, (c) C2V NaGa4-, (d) D4h Na2Ga4, and (e)
Cs Na2Ga4.

Square Planar Ga42- and In4
2- J. Am. Chem. Soc., Vol. 123, No. 36, 20018827



not agree well with the experiment. The photoelectron spectra
of NaGa4- and NaIn4- are nearly identical and will be discussed
together. The similar photoelectron spectra of the two species
are consistent with their similar structure and bonding born out
of our theoretical predictions.

Bands X and A. The ground-state feature (X, Figure 1)
peaking at 1.90 (NaGa4

-) and 1.93 eV (NaIn4-) agrees well
with the calculated VDE of 1.84 eV for NaGa4

- at OVGF/
6-311+G(2df) and that of 1.82 eV for NaIn4

- at OVGF/CEP-
121+spd from detachment of an electron from the 3a1-HOMO
of the global minimum structures (Table 1). The 3a1-HOMO is
a σ-bonding MO formed from the radial p-orbitals of Ga or In
(Figure 3). The next higher binding feature (A) is closely spaced
from the ground-state detachment feature (X), but was well
resolved in the 355 nm spectra for both species. The second

vertical electron detachment takes place from the 1b1 orbital
(HOMO-1) with a theoretical VDE of 1.99 eV for NaGa4

-

[OVGF/6-311+G(2df)] and 1.93 eV for NaIn4- [OVGF/CEP-
121+spd] (Table 1). These values agree well with the second
detachment feature (A), which was observed at 2.02 (NaGa4

-)
and at 2.08 eV (NaIn4-), as seen clearly in Figure 1. The 1b1

orbital is also aσ-bonding MO formed from the perpendicular
p-orbitals of Ga or In (Figure 3).

Band B. The third detachment feature (B) is relatively weak
and well-separated from featureA. This feature should cor-
respond to removal of an electron from the 2a1 (HOMO-2)
orbital with a theoretical VDE of 2.43 eV for NaGa4

- [OVGF/
6-311+G(2df)] and 2.39 eV for NaIn4- [OVGF/CEP-121+spd].
The theoretical VDEs for this detachment channel agree well
with the third detachment feature (B), which was observed at a
VDE of 2.58 eV for NaGa4- and 2.60 eV for NaIn4-. The 2a1-
MO (HOMO-2) is aπ-bonding orbital formed from the out-
of-plane p-orbitals of Ga or In (Figure 3).

Band C. The fourth detachment band (C) has a much higher
electron binding energy and appears to be quite broad, in
particular for the spectrum of NaGa4

- (Figure 1b). This
detachment feature should be due to removal of an electron from
the 1b2 MO (HOMO-3) with a theoretical VDE of 3.59 eV for
NaGa4- [OVGF/6-311+G(2df)] and 3.84 eV for NaIn4- [OVGF/
CEP-121+spd]. These values are in good agreement with the
third detachment feature (C), which was observed at VDEs of
3.73 and 3.95 eV for NaGa4

- and NaIn4-, respectively. The
1b2 MO (HOMO-3, Figure 3) is an antibonding orbital formed
from the 3s atomic orbitals of Ga or In, which is why it has a

Figure 4. Molecular structure and molecular orbital pictures of (a)
K2Ga4, (b) K2Ga4(C6H5)2 with the Ga4 ring perpendicular to the two
phenyl groups, and (c) K2Ga4(C6H5)2 with the Ga4 ring in the same
plane as the two phenyl groups.

Table 2. Calculated Molecular Properties of Ga4
2-

D4h, 1A1g

B3LYP/
6-311+G*

MP2/
6-311+G*

CCSD(T)/
6-311+G*

R(Ga-Ga), Å 2.566 2.599 2.618
Etot, au -7699.49103 -7693.06316 -7693.08947
ω1(a1g), cm-1 182 199
ω2(b1g), cm-1 101 72
ω3(b2g), cm-1 175 176
ω4(b2u), cm-1 75 75
ω5(eu), cm-1 164 201

Table 3. Calculated Molecular Properties of the Pyramidal
Structure of NaGa4-

C4V, 1A1

B3LYP/
6-311+G*

MP2/
6-311+G*

CCSD(T)/
6-311+G*

R(Ga-Ga), Å 2.580 2.618 2.631
R(Na-Ga), Å 3.134 3.145 3.181
Etot, au -7861.89147 -7855.02418 -7855.05512a

ω1(a1), cm-1 184 193
ω2(a1), cm-1 159 165
ω3(b1), cm-1 185 182
ω4(b2), cm-1 111 110
ω5(b2), cm-1 90 87
ω6(e), cm-1 160 194
ω7(e), cm-1 69 78

a Frequencies have not been calculated at this level of theory.

Table 4. Calculated Molecular Properties of the Planar Structure
of NaGa4-

C2V, 1A1

B3LYP/
6-311+G*

MP2/
6-311+G*

CCSD(T)/
6-311+G*

R(Gab-Gab), Å 2.611 2.666 2.675
R(Gab-Gat), Å 2.480 2.529 2.535
R(Gat-Gat), Å 2.563 2.608 2.603
R(Na-Gab), Å 2.914 2.967 3.181
Etot, au -7861.88219 -7855.01548 -7855.04380a

ω1(a1), cm-1 228 228
ω2(a1), cm-1 185 189
ω3(a1), cm-1 175 178
ω4(a1), cm-1 143 157
ω5(a2), cm-1 77 79
ω6(b1), cm-1 24 38
ω7(b2), cm-1 201 239
ω8(b2), cm-1 109 117
ω9(b2), cm-1 61 57

a Frequencies have not been calculated at this level of theory.
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much higher electron binding energy in both species. The broad
width of the fourth detachment feature is also consistent with
the antibonding character of the 1b2 orbital (Figure 3).

The overall agreement between the experimental photoelec-
tron spectra and the theoretical calculations is quite satisfying.
The excellent agreement between the calculated VDEs of the
C4V structure and the experimental VDEs unequivocally con-
firmed that theC4V structure is the ground state for both anions.
The VDEs of theC2V low-lying isomers are all lower than those
of theC4V ground-state anions (Table 1) and are in much poorer
agreement with the measured experimental VDEs. In fact, the
very weak lower binding energy tails discernible in the
photoelectron spectra (Figure 1) may be due to contributions
from theC2V isomers.

Aromaticity of Ga 4
2- and In4

2- in Their Isolated State
and Inside the NaGa4-, NaIn4

-, Na2Ga4, and Na2In4

Bimetallic Clusters

Before discussing aromaticity in the Ga and In species, we
first comment on the use of doubly charged anions to understand
the structure and bonding of the bimetallic clusters, even though
the doubly charged anions may not be electronically stable as
isolated species. It should be pointed out that the majority of
common inorganic multiply charged anions are not electronically
stable as isolated species due to the strong Coulomb repulsion
among the excess charges in the isolated state.37 Probably the
best known example is the SO4

2- dianion, which is considered
to be a building block of all sulfate compounds. Yet it is not
electronically stable in the gas phase38,39 and requires either a
counterion or at least three water molecules to be stabilized.40,41

Nevertheless, the instability as an isolated dianion does not
preclude SO42- as a ubiquitous building block in inorganic
materials and solutions and it acquires its stability in the
condensed phase through counterions or solvents. Furthermore,
highly charged anions, such as those found in the Zintl phase,
are very common in intermetallic materials and are important
in understanding the structure and bonding in these solids.42,43

Another example among organic species is the doubly charged
H4C4

2- ion, which was first predicted computationally44,45 to
be aromatic, despite the fact that it is not a stable gaseous
species. As a matter of fact, an analogue of this unstable dianion
has been successfully synthesized recently, in which the H atoms
were substituted by bulky Si(CH3)3 ligands.46 Certainly, coun-
tercations or solvent molecules play an important role in the
stabilization of these multiply charged species, but it is the
electronic and structural integrity of the multiply charged species
that is crucial for them to be important building blocks and
valuable models to understand the properties of materials
containing them.

The MOs of Ga42-, the two most stable structures of NaGa4
-,

and the two most stable structures of Na2Ga4 are compared in

Figure 3. One can see that the role of Na+ is to stabilize an
otherwise electronically unstable Ga4

2- dianion and it has
relatively minor effects on the electronic structure of the dianion.
The same sets of MOs are present in all species regardless of
the coordination places of the countercations, even though the
order of the first three occupied MOs is slightly varied.

The HOMO (1a2u) of Ga4
2- is formed from the out-of-plane

4p orbitals (Figure 3a). The HOMO-1 (2a1g) and HOMO-2
(1b2g) are bonding orbitals formed from the in-plane 4p orbitals.
The following four MOs are bonding, nonbonding, and anti-
bonding orbitals formed from the filled valence 4s orbitals of
Ga. When all bonding, nonbonding, and antibonding MOs
composed of the same atomic orbitals (such as the 4s orbitals
of Ga in this case) are occupied, the net bonding effect is zero
and the atomic orbitals can be viewed as lone pairs. This fact
can be understood better by using He2 as an example. In the
He2 dimer, both bonding (1sHe1 + 1sHe2) and antibonding (1sHe1

- 1sHe2) MOs are occupied, the net bonding effect is zero, and
the 1s orbital at each He atom can be treated as a lone pair.

The HOMO of Ga42- is the most interesting orbital, which
shows vividly a delocalizedπ orbital and renders aromaticity
to this species. We emphasize that the unique stability and square
structure of the Al42-, Ga4

2-, and In42- species (and we expect
it to be also true for Tl42-) arise not only from the presence of
the fully occupiedπ-orbital (1a2u, HOMO) but also from the
two σ-bonding MOs composed of radial p-orbitals (2a1g,
HOMO-1) and perpendicular (in-plane) p-orbitals (1b2g, HOMO-
2sa four-center MO) of Al, Ga, or In. It is the complete bonding
nature in these three MOs that make these 14-valence-electron
species stable and square planar. However, it is theπ-MO that
gives the agreement with the (4n +2) Huckel rule and makes it
possible to connect to the concept of aromaticity. The two four-
centerσ MOs also render the M42- speciesσ aromaticity.

In the NaGa4- and Na2Ga4 species, the MOs of the Ga4
2-

dianion can be easily recognized. They are only distorted very
slightly by the presence of the cations, showing the electronic
integrity of the aromatic dianion. The next criterion for
aromaticity is the structural integrity of the dianion inside the
NaGa4- and Na2Ga4 species. As one can see in Figure 2,
regardless of the external coordination of one or two cations,
the geometry of the Ga4

2- dianion is only modestly distorted
and clearly showing its structural integrity. Hence, based on
the square planar structure of Ga4

2- and In4
2- (provided by the

σ- and π-bonding), their electronic and structural integrity in
the Na-bimetallic clusters, and the presence of the twoπ-elec-
trons satisfying the (4n +2) Huckel rule, we concluded that
both Ga42- and In4

2- indeed exhibit characteristics of aromaticity
and should be considered to be aromatic, similar to their lighter
congener, Al42-.

Aromatic Ga4
2- as Building Blocks in Organometallic

Compounds

The natural question is whether the newly found all-metal
aromatic clusters can be synthesized as building blocks in bulk
materials. One promising route to isolate these species would
be to prepare them in bulk salt crystals with the X2M4

composition with isolated M42- units (where X) alkali metals,
M ) Al-Tl), such as those found in many Zintl phase materials.
As Seo and Corbett pointed out previously,47 the challenge
would be to have the M42- units completely separated from
each other because an incomplete separation may lead to fusion
of the M4

2- building blocks to form larger clusters. A second
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strategy might be to synthesize the M4
2- unit protected by large

organic ligands. Remarkably such an organometallic compound
containing a Ga42- unit may have already been synthesized.
Recently Twamley and Power (TP)12 reported the synthesis and
structural characterization of K2[Ga4(C6H3-2,6-Trip2)2] (Trip )
C6H2-2,4,6-iPr3), consisting of two K+ coordinated to a square
planar Ga42- bipyramidally. The Ga42- unit in this remarkable
compound is bound diagonally to two phenyl carbons from the
two ligands. As we will show below from model calculations,
the electronic structure of the-Ga4

2-- unit in the TP compound
is analogous to that in our NaGa4

- and Na2Ga4 molecules and
indeed can be considered to be aromatic. More remarkably, the
two ligands of Ga42- in the TP compound can be interpreted as
an example of substitutions at the lone pair of Ga rather than
addition to theπ-bond, analogous to the characteristic reactivity
of aromatic molecules.

TP thoughtfully rationalized the bonding in the square planar
Ga4 in the K2[Ga4(C6H3-2,6-Trip2)2] compound using the
classical valence bonding model. They suggested that the two
GaI atoms that are coordinated by the ligands use their three
valence electrons to bond a carbon and the other GaII atoms,
whereas the two GaII atoms each simply bond to the two GaI

atoms, completing the square. The two two-coordinated GaII

atoms each have their remaining coordination site occupied by
a lone pair (the extra electrons being provided from the charge
transfers from the two K atoms, giving rise to the 2- charge
on Ga4). While this is a perfectly reasonable and sound
interpretation, the square planar-Ga4

2-- unit in this new
compound is highly unusual and intriguing. We performed
model calculations to see if the-Ga4

2-- unit in this compound
is related to our Ga42- in the metallic clusters and more
importantly if it is similarly aromatic.

The model system we chose was K2Ga4(C6H5)2, which was
calculated employing the B3LYP/LANL2DZ basis sets and
pseudopotentials for the Ga and K atoms. The optimized
structures for this model compound together with the square
bipyramidal K2Ga4 structure are shown in Figure 4 (only MOs
pertinent to the Ga4 core are presented). The nonplanar structure
containing a square planar Ga4 unit perpendicular to the two
phenyl groups (Figure 4b) is a second-order saddle point 6.5
kcal/mol higher (B3LYP/LANL2DZ) in energy. The all-planar
structure (Figure 4c) is a true minimum, but it is different from
the TP compound, where the two phenyl groups are perpen-
dicular to the plane of the-Ga4

2- - unit similar to the model
in Figure 4b. We believe that the fact that the phenyl groups
are perpendicular to the-Ga4

2-- unit in the TP compound is
due to additional interactions of the C6H3-2,6-Trip ligands with
the K+ cations. However, as seen in Figure 4, both the planar
and perpendicular structures of our model systems have the same
sets of MOs for the pertinent Ga4

2- unit. The corresponding
MOs of the K2Ga4(C6H5)2 model systems are compared to those
of the bimetallic cluster, K2Ga4, in Figure 4. The similarity
between them is clearly revealed. The only difference is that
s-p hybridizations among the 1a1g (HOMO), 1b1g (HOMO-3),
and one component of the 1eu (HOMO-5) orbitals (the latter
two are essentially linear combinations of the 4s orbitals of Ga)
occur in the model compounds to accommodate the Ga-C σ
bonds. Thus, among the three p-type bonding orbitals in the
bare cluster, the radial MO (2a1g, HOMO) is being used to
accommodate the two Ga-ligand bonds while theπ orbital
(1a2u, HOMO-2) and the 4-center Ga-Ga bonding MO (1b2g,
HOMO-1) are nearly unchanged in the organometallic com-
pound relative to the bare cluster. Thus, both of these two
orbitals must be essential for the square planar structure.

Bonding in the model K2Ga4(C6H5)2 and the TP compounds
can be interpreted as the following (using the MOs shown in
Figure 4b): HOMO-2 and HOMO-8 are responsible for the two
lone pairs on GaII, HOMO-9 and HOMO-10 are responsible
for the two GaI-C σ bonds, HOMO-1 is the four-centerπ-bond,
and HOMO, HOMO-3, and HOMO-15 are responsible for three
σ Ga-Ga bonds. Therefore, we conclude that the TP compound
indeed contains an aromatic-Ga4

2-- species. It should be
noted that organogallium compounds containing a cyclic
-Ga3

2-- group have been synthesized and suggested to be
aromatic previously.6-8

Finally, we like to compare the nature of our aromatic all-
metal M4

2- (M ) Al, Ga, In) species with a twoπ-electron
organic aromatic species, H4C4

2+.45 Although all these species
possess twoπ-electrons and are aromatic, they are not isoelec-
tronic. The square planar all-metal systems have 14 valence
electrons, while the aromatic H4C4

2+ has 18 valence electrons.
The 4 valence electron deficit in our all-metal M4

2- systems
has important consequences. In H4C4

2+, there are 8 classical
two-center two-electron bonds (the 4 C-H bonds and the 4
C-C bonds), plus one delocalized four-centerπ-bond that gives
rise to the aromaticity of this species.45 On the other hand, the
all-metal M4

2- clusters have only seven pairs of electrons each.
Four pairs can be assigned to four lone pairs of M, as discussed
earlier. One pair is the delocalized four-centerπ-bond and only
two pairs of electrons are available forσ-bonds. Therefore, one
cannot draw the classical structure for M4

2- with four two-center
two-electron bonds. These systems are electron deficient. The
only possible representation using the classical two-center two-
electron language for these systems is through the 12 resonant
structures presented in Figure 5 for Ga4

2-. The average M-M
bond order in these metallic clusters is only 0.75, resulting from
the three bonding MOs (twoσ and oneπ bonds) divided among
the four M-M bonds in the M4

2- square.
However, when four monovalent ligands (X) are added to

M4
2- to form X4M4

2-, four additional electrons are added to
the valent shell and s-p hybridizations occur. The s-p
hybridizations make it possible to form four two-center two-
electron X-M bonds and four two-center two-electron M-M
bonds, still preserving the two-electron four-centerπ-bond. The
additions of the ligands to M42- and the resulting s-p
hybridization transform M from monovalent in M42- to the

Figure 5. Twelve resonance structures representing bonding in Ga4
2-.
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normal trivalent M in X4M4
2-.48 These systems are now valent

isoelectronic to the H4C4
2+ hydrocarbon aromatic analogue. The

X2M4
2- dianions, characteristic of the TP compound (M) Ga),

have 16 valence electrons and are between the completely
“naked” (M4

2-) and completely “dressed” (X4M4
2-) cases and

therefore are still electron-deficient systems. While all three
cases are twoπ-electron aromatic systems, their differences are
in the number of M-M σ bonds. The M4

2- and X2M4
2- species

only have two and threeσ bonds and are short by two and one
σ bonds, respectively, relative to the classical description of a
M4 square which needs 4σ M-M bonds, as is the case in
X4M4

2-. Our analyses suggest that similar TP compounds with
M ) Al, In, and Tl or with four ligands may also be synthesized
if appropriate ligands or reaction conditions can be found.

Conclusions

We reported an experimental and theoretical investigation of
gaseous NaGa4

- and NaIn4- bimetallic clusters and showed that
their bonding can be viewed as a Na+ cation interacting with a
Ga4

2- or In4
2- dianion. We provided experimental and theoreti-

cal evidence that the 14 valence electron Ga4
2- and In4

2- are
analogous to the recently discovered Al4

2- as in NaAl4- and
possess the geometrical and electronic properties to be consid-
ered as aromatic systems. Furthermore, the analysis of the
electronic structure of a K2Ga4(C6H5)2 model system provided

us with evidence to suggest that a recently synthesized K2[Ga4-
(C6H3-2,6-Trip2)2] (Trip ) C6H2-2,4,6-iPr3) compound, which
contains a nearly square planar Ga4 unit bound to the two bulky
ligands and stabilized by the two K atoms, can be interpreted
as having a-Ga4

2-- aromatic unit, analogous to the isolated
NaGa4- species. It is believed that the current gas-phase studies
provide unique electronic and structural information, which is
valuable in providing a conceptual framework for understanding
the structure and bonding of new materials and compounds, as
well as guiding the discoveries of new ones. This work also
shows that much is still to be done and gained in advancing
the concept of aromaticity in all-metal systems. Species with
antiaromaticity, bicyclic structures, two-dimensional aromatic
layers, and sandwich structures are yet to be discovered.
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